Abstract. We initiate the study of novel thermal dark matter (DM) scenarios where presentday annihilation of DM in the galactic center produces boosted stable particles in the dark sector. These stable particles are typically a subdominant DM component, but because they are produced with a large Lorentz boost in this process, they can be detected in large volume terrestrial experiments via neutral-current-like interactions with electrons or nuclei. This novel DM signal thus combines the production mechanism associated with indirect detection experiments (i.e. galactic DM annihilation) with the detection mechanism associated with direct detection experiments (i.e. DM scattering off terrestrial targets). Such processes are generically present in multi-component DM scenarios or those with non-minimal DM stabilization symmetries. As a proof of concept, we present a model of two-component thermal relic DM, where the dominant heavy DM species has no tree-level interactions with the standard model and thus largely evades direct and indirect DM bounds. Instead, its thermal relic abundance is set by annihilation into a subdominant lighter DM species, and the latter can be detected in the boosted channel via the same annihilation process occurring today. Especially for dark sector masses in the 10 MeV-10 GeV range, the most promising signals are electron scattering events pointing toward the galactic center. These can be detected in experiments designed for neutrino physics or proton decay, in particular Super-K and its upgrade Hyper-K, as well as the PINGU/MICA extensions of IceCube. This boosted DM phenomenon highlights the distinctive signatures possible from non-minimal dark sectors.
Introduction
A preponderance of gravitational evidence points to the existence of dark matter (DM) [1] [2] [3] . Under the compelling assumption that DM is composed of one or more species of massive particles, DM particles in our Milky Way halo today are expected to be non-relativistic, with velocities v DM,0 O(10 −3 ). Because of this small expected velocity, DM indirect detection experiments are designed to look for nearly-at-rest annihilation or decay of DM, and DM direct detection experiments are designed to probe small nuclear recoil energies on the order of
DM,0 (µ is the reduced mass of the DM-nucleus system, m N is the nucleus mass). In addition, these conventional detection strategies are based on the popular (and well-motivated) assumption that DM is a weakly-interacting massive particle (WIMP) whose thermal relic abundance is set by its direct couplings to the standard model (SM) .
In this paper, we explore a novel possibility that a small population of DM (produced non-thermally by late-time processes) is in fact relativistic, which we call "boosted DM". As a concrete example, consider two species of DM, ψ A and ψ B (which need not be fermions), with masses m A > m B . Species ψ A constitutes the dominant DM component, with no direct couplings to the SM. Instead, its thermal relic abundance is set by the annihilation process 1 ψ A ψ A → ψ B ψ B .
(1.1)
At the present day, non-relativistic ψ A particles undergo the same annihilation process in the galactic halo today, producing relativistic final state ψ B particles, with Lorentz factor γ = m A /m B . These boosted DM particles can then be detected via their interactions with SM matter at large volume terrestrial experiments that are designed for detecting neutrinos and/or proton decay, such as Super-K/Hyper-K [5, 6] , IceCube/PINGU/MICA [7] [8] [9] , KM3NeT [10] , and ANTARES [11] , as well as recent proposals based on liquid Argon such as LAr TPC and GLACIER [12, 13] , and liquid scintillator experiments like JUNO [14, 15] .
In such experiments, boosted DM can scatter via the neutral-current-like process
2) similar to high energy neutrinos. This boosted DM phenomenon is generic in multi-component DM scenarios and in single-component DM models with non-minimal stabilization symmetries), where boosted DM can be produced in DM conversion ψ i ψ j → ψ k ψ [4, 16, 17] , semiannihilation ψ i ψ j → ψ k φ (where φ is a non-DM state) [16, [18] [19] [20] [21] , 3 → 2 self-annihilation [22] [23] [24] , or decay transition ψ i → ψ j + φ. In order to be detectable, of course, boosted DM must have an appreciable cross section to scatter off SM targets. Based on Eq. (1.1) alone and given our assumption that ψ A is isolated from the SM, one might think that ψ B could also have negligible SM interactions. In that case, however, the dark sector would generally have a very different temperature from the SM sector, with the temperature difference depending on details related to reheating, couplings to the inflaton, and entropy releases in the early universe [25] [26] [27] [28] . So if we want to preserve the most attractive feature of the WIMP paradigm-namely, that the thermal relic abundance of ψ A is determined by its annihilation cross section, insensitive to other details-then ψ B must have efficient enough interactions with the SM to keep ψ A in thermal equilibrium at least until ψ A ψ A → ψ B ψ B freezes out. Such ψ B -SM couplings then offer a hope for detecting the dark sector even if the major DM component ψ A has no direct SM couplings.
As a simple proof of concept, we present a two-component DM model of the above type, with ψ A /ψ B now being specified as fermions. The dominant DM component ψ A has no (treelevel) interactions with the SM, such that traditional DM searches are largely insensitive to it. In contrast, the subdominant DM component ψ B has significant interactions with the SM via a dark photon γ that is kinetically-mixed with the SM photon. The two processes related to the (in)direct detection of the ψ A /ψ B dark sector are illustrated in Fig. 1 . In the early universe, the process on the left, due to a contact interaction between ψ A and ψ B , sets both the thermal relic abundance of ψ A as well as the production rate of boosted ψ B in the galactic halo today. The resulting boosted ψ B population has large scattering cross sections off nuclei and electrons via dark photon exchange, shown on the right of that ψ B itself has a small thermal relic abundance (which is expected given a large SM scattering cross section), and is light enough to evade standard DM detection bounds, then (direct) detection of boosted ψ B via (indirect) detection of ψ A annihilation would offer the best non-gravitational probe of the dark sector. 2 Beyond just the intrinsic novelty of the boosted DM signal, there are other reasons to take this kind of DM scenario seriously. First, having the dominant DM component ψ A annihilate into light stable ψ B particles (i.e. assisted freeze-out [4] ) is a novel way to "seclude" DM from the SM while still maintaining the successes of the thermal freeze-out paradigm of WIMP-type DM. 3 Such a feature enables this model to satisfy the increasingly severe constraints from DM detection experiments. A key lesson from secluded DM scenarios [30] is that it is often easier to detect the "friends" of DM (in this case ψ B ) rather than the dominant DM component itself [36] . Second, our study here can be seen as exploring the diversity of phenomenological possibilities present (in general) in multi-component DM scenarios. Nonminimal dark sectors are quite reasonable, especially considering the non-minimality of the SM (with protons and electrons stabilized by separate B-and L-number symmetries). Earlier work along these lines includes, for instance, the possibility of a mirror DM sector [26, [37] [38] [39] . Recently, multi-component DM scenarios have drawn rising interest motivated by anomalies in DM detection experiments [40] [41] [42] and possible new astrophysical phenomena such as a "dark disk" [43] . Boosted DM provides yet another example of how the expected kinematics, phenomenology, and search strategies for multi-component DM can be very different from single-component DM.
The outline of the rest of this paper is as follows. In Sec. 2, we present the above model in more detail. In Sec. 3, we describe the annihilation processes of both ψ A and ψ B , which sets their thermal relic abundances and the rate of boosted DM production today, and we discuss the detection mechanisms for boosted DM in Sec. 4. We assess the discovery prospects at present and future experiments in Sec. 5, where we find that Super-K should 2 Because ψA has no direct coupling to the SM, the ψA solar capture rate is suppressed. By including a finite ψA-SM coupling, one could also imagine boosted DM coming from annihilation in the sun. The possibility of detecting fast-moving DM emerging from the sun has been studied previously in the context of induced nucleon decay [29] , though not with the large boost factors we envision here which enable detection via Cherenkov radiation. Note, however, that ψB particles are likely to become trapped in the sun due to energy loss effects (see Sec. 4.4), limiting solar capture as a viable signal channel.
3 For variations such as annihilating to dark radiation or to dark states that decay back to the SM, see for instance Refs. [30] [31] [32] [33] [34] [35] .
already be sensitive to boosted DM by looking for single-ring electron events from the galactic center (GC). We summarize the relevant constraints on this particular model in Sec. 6, and we conclude in Sec. 7 with a discussion of other DM scenarios with similar phenomenology. More details are relegated to the appendices.
Two Component Dark Matter
Consider two species of fermion DM ψ A and ψ B with Dirac masses m A > m B , which interact via a contact operator 4
This operator choice ensures an s-wave annihilation channel [44] , ψ A ψ A → ψ B ψ B as in Fig. 1 , which is important for having a sizable production rate of boosted ψ B today. A UV completion for such operator is shown in Fig. 11a in App. B. Other Lorentz structures are equally plausible (as long as they lead to s-wave annihilation).
As an extreme limit, we assume that Eq. (2.1) is the sole (tree-level) interaction for ψ A at low energies and that ψ A is the dominant DM component in the universe today. We assume that both ψ A and ψ B are exactly stable because of separate stabilizing symmetries (e.g. a Z 2 × Z 2 ).
The subdominant species ψ B is charged under a dark U (1) gauge group, with charge +1 for definiteness. This group is spontaneously broken, giving rise to a massive dark photon γ with the assumed mass hierarchy
We will take the gauge coupling g of the dark U (1) to be sufficiently large (yet perturbative) such that the process ψ B ψ B → γ γ efficiently depletes ψ B and gives rise to a small thermal relic abundance (see Eq. (3.5) below). Via kinetic mixing with the SM photon [45] [46] [47] (strictly speaking, the hypercharge gauge boson),
3)
γ acquires -suppressed couplings to SM fields. In this way, we can get a potentially large cross section for ψ B to scatter off terrestrial SM targets, in particular ψ B e − → ψ B e − from γ exchange (with large g and suitable ) as in Fig. 1 . In principle, we would need to account for the possibility of a dark Higgs boson H in the spectrum, but for simplicity, we assume that such a state is irrelevant to the physics we consider here, perhaps due to a Stuckelberg mechanism for the U (1) [48, 49] or negligible couplings of H to matter fields. The parameter space of this model is defined by six parameters
Throughout this paper, we will adjust Λ to yield the desired DM relic abundance of ψ A , assuming that any DM asymmetry is negligible. Because the process ψ B e − → ψ B e − has 4 Via a Fierz rearrangement, we can rewrite this operator as
homogeneous scaling with g and , the dominant phenomenology depends on just the three mass parameters: m A , m B , and m γ . To achieve a sufficiently large flux of boosted ψ B particles, we need a large number density of ψ A particles in the galactic halo. For this reason, we will focus on somewhat low mass thermal DM, with typical scales:
Constraints on this scenario from standard DM detection methods are summarized later in Sec. 6. This includes direct detection and CMB constraints on the thermal relic ψ B population. In addition, ψ A can acquire couplings to γ through a ψ B -loop, thus yielding constraints from direct detection of ψ A , and we introduce a simple UV completion for Eq. (2.1) in App. B which allows us to compute this effect without having to worry about UV divergences. There are a variety of possible extensions and modifications to this simple scenario. One worth mentioning explicitly is that ψ A and/or ψ B could have small Majorana masses which lead to mass splittings within each multiplet (for ψ B this would appear after U (1) breaking) [50, 51] . As discussed in Refs. [52] [53] [54] , both components in an inelastic DM multiplet can be cosmologically stable, such that the current day annihilation is not suppressed. These splittings, however, would typically soften the bounds on the non-relativistic component of ψ A /ψ B from conventional direct detection experiments, since the scattering would be inelastic (either endothermic or exothermic). This is one way to avoid the direct detection of bounds discussed in Sec. 6.
Thermal Relic Abundances and Present-Day Annihilation
To find the relic density of ψ A /ψ B , we need to write down their coupled Boltzmann equations. In App. A, we provide details about this Boltzmann system (see also Refs. [4, 55, 56] ), as well as analytic estimates for the freeze-out temperature and relic abundance in certain limits. Here, we briefly summarize the essential results.
The annihilation channel ψ A ψ A → ψ B ψ B not only determines the thermal freeze-out of the dominant DM component ψ A but also sets the present-day production rate for boosted ψ B particles in Milky Way. Considering just the operator from Eq. (2.1), the thermally-averaged cross section in the s-wave limit is:
As discussed in App. A, the Boltzmann equation for ψ A effectively decouples from ψ B when σ BB→γ γ v σ AĀ→BB v . In this limit, the relic density Ω A takes the standard form expected of WIMP DM (assuming s-wave annihilation):
Notice that in order to get the observed DM relic abundance Ω A ≈ 0.2, the thermal annihilation cross section is around twice the "standard" thermal cross section 3 × 10 −26 cm 3 /s where a Majorana fermion DM with 100 GeV mass is assumed. The slight discrepancy is because our Ω A is the sum of the abundances of both Dirac particles ψ A and ψ A , and the ψ A we are interested in has lower mass 20 GeV (see, e.g., Ref. [57] ).
In the limit that m B m A , we have
Note that m A Λ for our benchmark mass m A = 20 GeV, so it is consistent to treat the annihilation of ψ A as coming just from the effective operator in Eq. (2.1).
The thermal relic abundance of ψ B is more subtle. In the absence of ψ A , the relic abundance of ψ B would be determined just by the annihilation process ψ B ψ B → γ γ , whose thermally-averaged cross section in the s-wave limit is
However, the process ψ A ψ A → ψ B ψ B is still active even after ψ A freezes out with a nearly constant ψ A abundance well above its equilibrium value, which can have impact on the relic abundance of ψ B . Let x f,B = m B /T f,B , T f,B being the temperature at ψ B freeze-out. As explained in App. A, when
This Ω ∝ 1/ √ σ behavior is very different from the usual DM abundance relation Ω ∝ 1/σ. It arises because in this limit, there is a balance between depletion from ψ B annihilation and replenishment from ψ A ψ A → ψ B ψ B conversion. To our knowledge, this "balanced freeze-out" behavior has not been discussed before in the DM literature.
In Fig. 2a , we show numerical results for Ω B as a function of g : for small g , ψ B freezes out in the standard way with Ω B ∝ 1/σ B , while for large g , Ω B exhibits the 1/ √ σ B scaling from balanced freeze-out. Thus, as long as g is sufficiently large, then ψ B will be a subdominant DM component as desired. In Fig. 2b , we show the full solution to the coupled Boltzmann equations for ψ A and ψ B (see Eq. (A.1)) for the following benchmark scenario:
where we have adjusted Λ = 250 GeV to yield the cross section σ AA→BB v = 5×10 −26 cm 3 /s needed to achieve Ω A Ω DM ≈ 0.2. For this benchmark, ψ B has a much smaller abundance Ω B 2.6 × 10 −6 Ω DM . We have chosen the reference masses to be safe from existing constraints but visible with a reanalysis of existing Super-K data, and we have chosen the reference value of g to be comparable to hypercharge in the SM. The values of m γ and are also interesting for explaining the muon g − 2 anomaly [58, 59] .
This model, though simple, exhibits a novel ψ B freeze-out behavior, and the "balancing condition" behind Eq. (3.5) may be interesting to study in other contexts. For much of parameter space of our interest in this paper, the Ω B ∝ 1/ √ σ B scaling affects the CMB and direct detection constraints on ψ B . As discussed in Sec. 6, this scaling implies that the constraints from CMB heating on ψ B annihilation are largely independent of g . Similarly, unless there is some kind of inelastic splitting within the ψ B multiplet, there is a firm direct detection bound on m B that is also largely independent of g . Note that the benchmark scenario in Eq. (3.6) indeed satisfies these bounds (see the star in Fig. 9 ). 
Detecting Boosted Dark Matter
With ψ A being the dominant DM species, the annihilation process ψ A ψ A → ψ B ψ B is active in the galactic halo today, producing boosted ψ B particles. To compute the flux of ψ B incident on the earth, we can recycle the standard formulas from indirect detection of WIMP DM. Roughly speaking, the (in)direct detection of boosted ψ B particles from ψ A annihilation is analogous to the familiar process of indirect detection of neutrinos from WIMP annihilation. For this reason, the natural experiments to detect boosted DM are those designed to detect astrophysical neutrinos. As we will see, ψ B typically needs to have stronger interactions with the SM than real neutrinos in order to give detectable signals in current/upcoming experiments.
We also want to comment that, due to the small mass and suppressed thermal abundance, the non-relativistic relic ψ B particles can be difficult to detect through conventional direct and indirect DM searches, even with efficient interaction between ψ B and SM states. (See Sec. 6 for existing bounds on ψ B .) Therefore, detecting boosted ψ B particles may be the only smoking gun from this two-component ψ A /ψ B system.
Flux of Boosted Dark Matter
The flux of ψ B from the GC is
where r Sun = 8.33 kpc is the distance from the sun to the GC and ρ local = 0.3 GeV/cm 3 is the local DM density. Since the ψ A ψ A → ψ B ψ B annihilation process yields two mono-energetic boosted ψ B particles with energy m A , the differential energy spectrum is simply
The quantity J is a halo-shape-dependent dimensionless integral over the line of sight,
where s is the line-of-sight distance to the earth, the coordinate r(s, θ) = (r 2 Sun + s 2 − 2r Sun s cos θ) 1/2 is centered on the GC, and θ is the angle between the line-of-sight direction and the earth/GC axis. Assuming the NFW halo profile [60] , we use the interpolation functions J(θ) provided in Ref. [61] and integrate them over angular range of interest. In particular, when trying to mitigate neutrino backgrounds in Sec. 4.3, we will require the ψ B e − → ψ B e − process to give final state electrons within a cone of angle θ C from the GC.
To illustrate the scaling of the flux, we integrate over a 10 • cone around the GC and obtain
For completeness, the flux over the whole sky is:
These estimates are subject to uncertainties on the DM profile; for example, an Einasto profile would increase the flux by an O(1) factor [61] . Note that this GC flux estimate is the same as for any mono-energetic DM annihilation products. 5 Therefore we can estimate the expected bound on the boosted DM-SM cross section by reinterpreting neutrino bounds on DM annihilation. Looking at Ref. [62] , the anticipated Super-K limit on 1-100 GeV DM annihilating in the Milky Way exclusively to monochromatic neutrinos is 10 −21 −10 −22 cm 3 /sec. This is four to five orders of magnitude weaker than a typical thermal annihilation cross section ( 10 −26 cm 3 /sec). Assuming thermal relic ψ A DM exclusively annihilates to boosted ψ B particles, we can estimate the bound on the ψ B -SM cross section by scaling down the charged current neutrino scattering cross section ( 
Detection of Boosted Dark Matter
The flux of boosted ψ B particles estimated from Eq. (4.4) is rather small. 7 Therefore, in order to detect boosted ψ B , one needs a large volume, small background detector sensitive to the (quasi-)elastic scattering process
where X and X are SM states (possibly the same). Because the γ is kinetically-mixed with the photon, ψ B can scatter off any SM state X with electromagnetic couplings via tchannel exchange of γ . 8 A large scattering cross section favors light m γ , large , and large g ; the values of m γ 10 MeV and ∼ 10 −3 in the benchmark in Eq. (3.6) are (marginally) consistent with current limits on dark photons [65] .
Existing neutrino detectors such as Super-K, IceCube, and their upgrades can be employed to detect boosted DM via Eq. (4.7). The strategy is to detect Cherenkov light from the final state charged particles, so the energy of outgoing X must be above the Cherenkov threshold. In terms of a Lorentz factor, the threshold is
where there is typically a stricter analysis threshold E thresh on X as well, depending on experimental specifics. Furthermore, one needs to distinguish ψ B scattering from the large background of neutrino scattering events, which we discuss more in Sec. 4.3.
As shown in Fig. 3 , there are three detection channels for boosted ψ B at a neutrino detector: elastic scattering off electrons, elastic scattering off protons (or nuclei), and deep inelastic scattering (DIS) off protons (or nuclei). As discussed in more detail in App. C, although the total ψ B scattering cross section off protons and nuclei can be sizable, the de- where v0 220 km/sec. 8 There are also subdominant scatterings from weak charges as well.
tectable signal strengths in these channels are suppressed relative to scattering off electrons. 9 Thus, we focus on the elastic scattering off electrons
as the most promising detection channel, though we present signal studies for the other channels in App. C. At detectors like Super-K, the signal would appear as single-ring electron events coming from the direction of the GC. We start by discussing the kinematics of scattering off electrons (the same logic would hold for protons). In the rest frame of an electron target with mass m e , the momenta of incoming and outgoing particles are:
For ψ B coming from nearly-at-rest ψ A annihilation,
The maximum scattered electron energy occurs when p and p are parallel:
The minimum detectable energy is set by the analysis threshold (assumed to be above the Cherenkov threshold), E 
14)
The differential cross section for ψ B elastic scattering off electrons is:
where λ(x, y, z) = x 2 +y 2 +z 2 −2xy−2xz−2yz, s = m 2 B +m 2 e +2E B m e , t = q 2 = 2m e (m e −E e ), and one should make the replacement E B = m A for our scenario. To give a numerical sense of the Cherenkov electron signal cross section, integrating Eq. Since this cross section is rather high, we have to account for the possibility that ψ B particles might be stopped as they pass through the earth. In Sec. 4.4, we find that the attenuation of ψ B particles is mild, so we will treat the earth as transparent to ψ B particles in our analysis.
In Fig. 4a , we show the normalized, logarithmic electron spectrum for different benchmarks, including the one from Eq. (3.6). The electron energy E e peaks at relatively low values due to the t-channel γ , as discussed further in footnote 9. We note that the position of the peak depends both on m B and m γ , though the dominant effect of m γ is to change the overall signal cross section (not visible in this normalized plot). The angular distribution of the recoil electron is shown in Fig. 4b . The signal is very forward peaked, as expected from m B m e . This is advantageous when looking for boosted DM from the GC, since the recoil electrons' direction is tightly correlated to that of the ψ B 's.
In Fig. 5 , we compare the energy profile of the signal to the observed background electron events at SK-I [69] . Using the benchmark model in Eq. (3.6), we plot the (logarithmic) energy spectrum of the yearly signal event yield within a cone of 10 • around the GC: 18) where Φ 10 • GC is defined in Eq. (4.4), ∆T is a year, and N target is the number of targets (electrons) at Super-K. Anticipating the analysis of Sec. 5.2, we also plot a more realistic spectrum obtained by convolving the signal scattering cross section ψ B e − → ψ B e − with the shape of the DM halo. This convolved spectrum matches nicely to the naive spectrum from Eq. (4.18), as expected given the peaked nature of the angular spectrum in Fig. 4b , with signal losses at low energies arising because less energetic electrons can be more easily deflected outside the search cone. Once the background from Ref. [69] is scaled by the appropriate factor of (π(10 • ) 2 )/(4π) ≈ 8 × 10 −3 , the signal for this benchmark is visible above the background, though the peak location is (accidentally) at a similar location.
Backgrounds to Boosted Dark Matter
The major background to the boosted DM signal comes from atmospheric neutrinos, which are produced through interactions of cosmic rays with protons and nuclei in the earth's atmosphere. Atmospheric neutrino energy spectrum peaks around 1 GeV and follows a power law E −2.7 at higher energies [70] . The scattering process ψ B e − → ψ B e − with an • search cone. Note that data is available only for E e > 100 MeV, which is the same experimental threshold given in Eq. (5.2). Also indicated is the maximum scattered electron energy, given by Eq. (4.12).
energetic outgoing electron faces a large background from charged-current (CC) electronneutrino scattering ν e n → e − p when the outgoing proton is not detected, as well as ν e p → e + n since Cherenkov-based experiments cannot easily distinguish electrons from positrons. For Figure 6 . Angles involved in boosted DM detection. When a ψ B particle arrives at an angle θ B from the GC, it scatters to produce an electron at angle θ e with respect to z (θ e and φ e with respect to z ). To better isolate the signal from the uniform atmospheric neutrino background, we impose a search cone of half-angle θ C .
O(1 GeV) neutrinos, the CC cross sections are [71] 
While smaller than the expected signal cross section in Eq. (4.16), the atmospheric neutrino flux is much higher than the boosted ψ B flux. The neutral current process ν e e − → ν e e − can also mimic the signal but it is subdominant to the CC interaction due to m e /m p suppression [71] .
There are a number of discriminants one could use to (statistically) separate our signal from the neutrino background.
• Angular restriction: Boosted ψ B particles have a definite direction because they come from the GC. In galactic coordinates, the atmospheric neutrino background has no preferred direction. Therefore, one can impose that the detected electron falls within a cone of half-opening angle θ C with respect to the GC. As shown in Fig. 6 , there are two relevant axes to consider: the z-axis connecting the earth to the GC and the zaxis in the direction that the ψ B travels along. Through ψ B e − → ψ B e − scattering, a ψ B particle coming from an angle θ B (θ B = 0) will yield a final state electron with scattering angle (θ e , φ e ), with cos θ e = cos θ B cos θ e − sin θ B sin φ e sin θ e , (4.21) 22) and φ e uniformly distributes between 0 and 2π. To the extent that the electron energy is large and m A m B m e , we have cos θ e ≈ cos θ B . As we will see in Sec. 5.4, the optimum angle θ C to maximize the signal acceptance while minimizing the neutrino background is around 10 • , assuming perfect angular resolution.
• Energy restriction: Boosted ψ B particles have a mono-energetic spectrum (E B = m A ), compared to the continuous atmospheric neutrino energy spectrum. This implies a correlation between the measured E e and cos θ e . That said, we suspect that the typical angular resolution of neutrino experiments is not fine enough to make use of this feature. In fact, more important than energy resolution is to have a low energy threshold, since as shown in Fig. 4 , the signal cross section peaks at small E e .
• Absence of muon excess: The process ψ B e − → ψ B e − does not have a corresponding muon signature, whereas the neutrino CC process ν e n → e − p is always accompanied by ν µ n → µ − p. So an electron excess from boosted DM should not have a correlated excess in muon events. One can also require fully-contained events to reduce the cosmic ray muon background.
• Anti-neutrino discrimination: The anti-neutrino background ν e p → e + n is in principle reducible since it involves a final state positron instead of an electron. Super-K cannot perfectly distinguish ν e from ν e events, but as of the SK-IV analyses, they have used likelihood methods to separate these two categories by studying the number of decay electrons in each process. The purity of the ν e sample is 62.8% and that of ν e is 36.7% [72, 73] . We have not used this feature in our current analysis. Adding gadolinium to Super-K would help tagging neutrons from the ν e CC process, and thus might improve the purity of these samples [74] .
• Multi-ring veto: The process ψ B e − → ψ B e − leads to electron-like single-ring events only, without correlated multi-ring events. In contrast, neutrino CC process ν e n → e − p can lead to multi-ring events when the outgoing proton energy is above Cherenkov threshold [68] , or when the scattering is inelastic so that other charged hadronic states such as π ± are produced. Argon-based detectors could improve the background discrimination since they can detect the hadronic final states from neutrino scattering better than water-based experiments. We note that for some extreme parameters (increasing g or ), it is possible for ψ B to interact twice (or more) within the detector, also creating a potential multi-ring signal (or a lightly-ionizing track in a scintillator detector). That said, for such high cross sections, the signal would be heavily attenuated while traversing the earth (see Sec. 4.4). Another potential disadvantage of a multi-ring veto is that we might miss out on interesting signals such as ψ B scattering accompanied by γ bremsstrahlung (ψ B e − → ψ B e − γ → ψ B e − e + e − ).
• Solar neutrino/muon veto: Solar neutrinos dominate the background under around 20 MeV [75] , though one can of course preform an analysis in solar coordinates and exclude events from the sun. In addition, there is a background from muons that do not Cherenkov radiate but decay to neutrinos in the detector volume; these are relevant in the range of 30-50 MeV and can be mitigated through fiducial volume cuts [76] . To avoid both of these complications, we will use a cut of E e > 100 MeV in our analysis below. Of course the threshold of 100 MeV in Super-K could be brought down as low as 50 MeV (where solar neutrino backgrounds start to dominate). The potential advantage of looking in the 50-100 MeV range is that the backgrounds from atmospheric neutrinos are lower. The main disadvantage is the degradation of the angular resolution of the detector [77] .
The first two points favor detectors with excellent angular resolution and low energy thresholds on the outgoing electron. The next three points mean that one could distinguish the boosted DM signal from neutrinos coming from WIMP DM annihilation in the GC; boosted DM only gives a single-ring electron signal whereas neutrinos from WIMPs would give equal contributions to an electron and muon signal, both single-and multi-ring events, and equal contributions to a neutrino and anti-neutrino signal. The last point suggests the interesting possibility of looking for boosted DM from the sun due to DM solar capture, though in the particular model we study in this paper, the solar capture rate is too small to be visible, and any boosted DM particles from the sun would face considerable solar attenuation (see Sec. 4.4 below). The above criteria can be thought of as a general algorithm for background rejection, while specifics can be tailored to a particular experiment. For instance, "multi-ring veto" does not apply to PINGU where Cherenkov rings cannot be reconstructed and all non-µ-like events are classified as "cascade events".
Impact of Earth Attenuation
As seen in Eq. (4.17), the signal cross section σ Be − →Be − is relatively high, so as they cross the earth, the ψ B particles might get deflected and lose energy. This is a particularly important effect for Northern Hemisphere experiments like Super-K, where a typical ψ B would have to traverse through ∼ 10 5 km (75% of the earth's diameter). The dominant cause for energy loss is (minimum) ionization of atoms. While not relevant for detection, the main source of angular deflection is scattering off nuclei. In the following, we base our discussion on the standard analysis of particle propagation through matter as developed in the PDG [78] . First we estimate the ψ B 's energy loss. Just as for a heavy charged particle traversing the earth (see, e.g., Ref. [79] ), the main energy loss mechanism is through ionization. For βγ factors of 10-100, a muon loses ≈ 1 GeV of energy per meter of rock [78] . A muon scatters off nuclei via a t-channel γ exchange, while a ψ B scatters off nuclei via the exchange of a γ . We can approximate the length required for a ψ B to lose 1 GeV by scaling the couplings and the propagator of the ψ B -e − scattering process to those of the µ-e − scatterings:
where t = 2m e (m e − E e ) ≈ −10 −4 GeV 2 for our key benchmark in Eq. (3.6). In this case, ψ B loses ≈ 1 GeV per 9 × 10 8 cm, giving rise to a total expected loss of 1 GeV per trip through the earth (R ⊕ = 6.4 × 10 8 cm). Since 1 GeV of energy loss is never more than 10% of the ψ B 's initial energy in the parameter space of interest, we will assume the earth is transparent to ψ B 's for the rest of the analysis. Accounting for the energy loss is approximately equivalent to shifting the plots in Figs. 7 and 9 by the energy loss on the m A axis. The parameter space of small m A is the most affected, but that region is already constrained by CMB bounds as shown in Sec. 6.
Turning to the angular distribution, the dominant source of deflection is from elastic scattering off of nuclei. Note that ψ B -e − scattering processes lead to very small angles of deflection because of the mass hierarchy m B m e ; indeed for the key benchmark in Eq. (3.6), the maximum possible deflection per scatter is 0.14 • . In contrast, Coulomb-like scattering of ψ B particles of nuclei can give rise to a more substantial deflection (including full reversal). The mean-square change in angle per collision process is 24) where σ BN →BN is the scattering cross section of ψ B 's off a nucleus N (see Eq. (C.6)), and E max N is defined similarly to Eq. (4.12). In the last step of Eq. (4.24), we have inserted the benchmark value from Eq. (3.6). Treating the deflection of ψ B particles as a random walk through the earth, the total deflection is 25) where the quantity under the square root is the number of steps (interactions). The mean free path to interact with a nucleus of charge number Z and atomic number A is
where n is the number density. Under the conservative assumption that the earth is entirely made of iron (the benchmark A and Z values above), and taking the mass density of earth to be ρ = 5.5 g/cm 3 , the number of scatters is ≈ 64 for the benchmark in Eq. (3.6), giving a total deflection of: θ 2 total
We checked that for different values of m A , m B , and m γ , the total deflection does not vary much compared to Eq. (4.27). Since this deflection is small compared with the search cone of 10 • that is used in Sec. 5.2, we neglect the angular deflection of ψ B 's in our analysis. Interestingly, if a signal of boosted DM is found, we could potentially use the earth attenuation to our advantage by correlating candidate signal events with the position of the GC with respect to the experiment. Indeed, with high enough statistics, the effect of earth shadowing would give rise to time-dependent rates, energies, and angles for ψ B scattering. As mentioned in footnote 2, solar attenuation would have an adverse effect on possible boosted DM signals from the sun. Since the radius of the sun is 100 times larger than that of the earth, the ψ B particles would lose a factor of 100 more energy, so we would need m A O(100 GeV-1 TeV) for ψ B particle to escape the sun. Alternatively, for a smaller scattering cross section of ψ B particles with the SM, the sun might then be a viable source of signal [80] .
Detection Prospects for Present and Future Experiments
We now assess the detection prospects for boosted DM at present and future detectors for neutrinos and/or proton decay. In Table 1 , we summarize the (approximate) capacities/sensitivities of some of the representative relevant experiments, given in terms of the detector volume V exp , electron energy threshold E thresh e , and angular resolution θ res e . From this table, we can already anticipate which experiments are going to be best suited for boosted DM detection.
Due to the relatively small flux of boosted DM, a larger volume detector, such as IceCube, KM3NeT, or ANTARES would be favored in order to catch more signal events. However, the energy threshold for the original IceCube are much too high for our purposes (and similarly for KM3NeT and ANTARES), since the energy transferred to the outgoing electron is suppressed due to the t-channel γ (see Fig. 4 ). Even the 1 GeV threshold of PINGU is not ideal, though it will have some sensitivity. 
So although Super-K/Hyper-K have smaller detector volumes, their low energy threshold is better matched to the boosted DM signal. In addition, Super-K/Hyper-K have excellent angular resolution, 10 which makes it possible to optimize the θ C search cone criteria. Ultimately, MICA would offer better coverage in the energy range of interest. It is also worth mentioning that the proposed experiments for proton decay based on large scale liquid Argon detectors [12, 13] can also be sensitive to boosted DM due to their low thresholds and large volume. As mentioned in footnote 9, liquid Argon detectors may also have sensitivity to the proton scattering channel as well.
In the following subsections, we discuss event selection, signal/background rates, and expected signal significance in the above experiments. For signal-only studies of the subdominant channels involving ψ B scattering off protons/nuclei, see App. C.
Event Selection
As discussed in Secs. 4.2 and 4.3, the leading boosted DM signal comes from elastic scattering off electrons (ψ B e − → ψ B e − ) and the leading background is from atmospheric neutrinos (mostly ν e n → e − p). In principle, one could use the full multivariate information about the kinematics of the outgoing electron to separate signal and background. In order to keep the analysis simple, we will do a cut-and-count study to estimate the sensitivity.
To isolate events coming from the GC, we will use the search cone θ C described in Fig. 6 . The dominant background from CC ν e scattering of atmospheric neutrinos is assumed to be uniform across the sky, so the background in a search cone of half-angle θ C scales proportional to θ 2 C . Of course, one cannot take θ C to be too small, otherwise the signal acceptance degrades. To optimize for the signal significance in Sec. 5.4, we will convolve the angular dependence of halo J-factor and the angular dependence of the ψ B e − → ψ B e − cross section to figure out the optimum θ C . Anticipating that result, we will find θ C = max{10
• , θ 10 More accurately, the angular resolution of fully contained 1 ring Multi-GeV electrons is 1.5
• while that of fully contained 1 ring Sub-GeV electrons is less than 3.3
• as shown in Ref. [85] . without attempting to do finer energy binning. For Super-K, Hyper-K, and MICA, we will use both categories as separate event selections; for the Sub-GeV category we will choose only zero-decay events. PINGU has a higher energy threshold and cannot reconstruct Cherenkov rings nor efficiently separate µ-like and e-like events near threshold, so we will only use the Multi-GeV category, while also adding in backgrounds from multi-ring events and µ-like events; we will also scale the PINGU effective volume down by a factor of 2 to account for an estimated reconstruction efficiency of ∼ 50% [8] . Note that the 100 MeV lower bound of the Sub-GeV category is above the nominal 10 MeV threshold of Super-K, so there is room for improved signal acceptance. Similarly, when the 1.33 GeV upper bound of the Sub-GeV category is above E max e , then we are overestimating the background.
Signal Rates
Imposing the θ C and energy range requirements, the number of signal electron events is:
where ∆T is the time duration of the observation, N target is the number of target electrons, Φ GC is the DM flux from the GC, and σ Be − →Be − is the ψ B -electron scattering cross section (which depends on the energy integration range in Eq. (4.15)). The factor of 10 in the second line is the number of electrons per molecule of water. The DM flux and scattering cross section have to be convolved in order to isolate events that pass the θ C requirement, and the angles in the last line are the same as in Fig. 6 with θ e given in Eq. (4.21). The integration limits θ e ∈ {θ min , θ max } are given by Eq. (4.22) by requiring E e ∈ {E max e , E min e } (note the reversal of the limits, and that θ min = 0 if Eq. (4.12) is more restrictive than the energy categories above).
To get a sense of the expected signal rate, we consider the number of signal events for θ C = 10 • in the combined categories: • and the electron energy range of {100 MeV, 100 GeV} ({1.33 GeV, 100 GeV} for PINGU). Also shown are model-dependent constraints on the relic ψ B population from Sec. 6: the solid gray lines are from CMB heating (shown only for g = 0.5), and the dashed gray lines are from DAMIC direct detection (which are independent of g , but can be eliminated by adding an inelastic splitting). The red star indicates the benchmark in Eq. (3.6).
Because σ Be − →Be − scales homogeneously with g and , the number of signal events does as well, so the only non-trivial dependence is on the mass parameters m A , m B , and m γ . In for x = 1, 10, 100. These reference values for m γ have been chosen such that the t-channel scattering processes are not overly suppressed by the dark photon mass, and the reference is close to the maximum allowed by dark photon constraints. In the triangular regions in Fig. 7 , the top edge is set by m A which controls the DM number density (and therefore the annihilation rate), the left edge is set by the requirement that m B > m γ , and the diagonal edge is set by the electron energy threshold.
In these figures, we have included model-dependent constraints from CMB heating and direct detection, discussed in the later Sec. 6. 11 It is worth emphasizing that both of these constraints are due to the thermal relic ψ B population, and are independent of the boosted DM phenomenon. Indeed, as discussed at the end of Sec. 2, we could give ψ B a small Majorana mass splitting, which would eliminate the bound from (elastic) direct direction experiments while not affecting very much the kinematics of boosted ψ B e − → ψ B e − detection. The CMB constraints are more robust since they mainly depend on ψ B being in thermal contact with the SM via ψ B ψ B → γ γ , though the CMB constraints could potentially softened if γ somehow decays to neutrinos (or to non-SM states).
Background Rates
The atmospheric neutrino backgrounds have been measured by Super-K over a 10.7 year period, during runs SK-I (1489 days), SK-II (798 days), SK-III (518 days) and SK-IV (1096 days), and the final results are summarized in Ref. [73] . In the Sub-GeV category, a total of 7755 fully-contained single-ring zero-decay electron events were seen the 100 MeV to 1. (5.8)
To estimate the background for PINGU (which lacks the ability to reconstruct Cherenkov rings), we add in multi-ring and µ-like events in the Multi-GeV category, changing 197 year −1 to 634 year −1 , which then has to be scaled by the effective PINGU detector volume. For the boosted DM search, the background is reduced by considering only events where the electron lies in the search cone θ C . We assume a uniform background distribution from the entire sky, so the background within a patch in the sky of angle θ C is: Ideally, we would use the full energy dependence of the background in order to optimize the signal/background separation, but given the rather low background rate, we will make the conservative choice to consider the whole Sub-GeV energy range. Since one can estimate the background by looking at a side-band away from the GC, the background uncertainties in a θ C cone should be dominated by Poisson fluctuations. For the all sky background, we note that Super-K saw a 10% mismatch between the measured atmospheric background and the Monte Carlo estimate [73, 86] , so there is in fact a bit of room beyond Poisson fluctuations to accommodate a boosted DM signal in the current Super-K data. 12 In order to have a fair comparison of the sensitivities at different experiments, for Hyper-K and MICA, we use the same event selection assuming the same exposure time, based on the available Super-K ∼ 10 year data set, and simply scale up the background rate proportional to the detector volume V exp (and adjust θ C for MICA). As already mentioned, since PINGU has a higher energy threshold and an inability to reconstruct Cherenkov rings, we rescale the full Multi-GeV category (single-ring supplemented by the multi-ring and µ-like events).
Estimated Experiment Reach
Given the signal and background rates above, we can find the optimal search cone θ C to maximize the significance
In Fig. 8 , we plot the significance as a function of search angle for our benchmark model in Eq. (3.6); we checked that other parameter choices show similar behavior. We see that the significance peaks at around 10 • , and falls off somewhat slowly after that. For Super-K/Hyper-K with 3 • resolution, we can effectively ignore experimental resolution effects and take θ C at the optimal value. For PINGU and MICA, we approximate the effect of the experimental resolution by taking θ C = θ res e ; a more sophisticated treatment would be to apply Gaussian smearing to the electrons. This is the logic behind Eq. (5.1) above.
In Figs. 9 and 10, we show the 2σ sensitively possible with the 10.7 years of Super-K data, using the optimal θ C = 10 • selection criteria, as well as the estimated reach for Hyper K, PINGU, and MICA for the same period of time. We treat the Sub-GeV and 12 Associated with the published search for DM from the GC via upward going muons [87] , there is also unpublished electron data from SK-I, -II, and -III [88, 89] . For cos θ > 0.8 (θC 37 • ), around 600 Sub-GeV fully-contained single-ring zero-decay electron events were observed in a 7.7 year period. This number has subsequently been updated to around 850 events in the full 10.7 year data set [90] . In principle, these could be used to set a stronger bound than we show in this paper, since no statistically significant excess is seen. • and adding the significances of the E e ∈ {100 MeV, 1.33 GeV} and E e ∈ {1.33 GeV, 100 GeV} categories in quadrature (only the latter for PINGU). Also shown is the current 2σ exclusion using all-sky data from Super-K, where we assume a 10% uncertainty on the background. The grey model-dependent limits are the same as in Fig. 7 : the solid gray lines are constraints on ψ B from CMB heating and the dashed gray lines are from DAMIC. The red star is the benchmark from Eq. (3.6).
Multi-GeV categories separately and report the overall significance as the quadrature sum of the significances obtained from the two categories. We also show the current bounds from Super-K that one can place without the θ C selection (i.e. using the all-sky background), taking δN bkgd /N bkgd = 10% to account for systematic uncertainties in the all-sky background. Here, we are only allowing for the two energy categories, and further improvements are possible if one adjusts the energy range as a function of m A and m B .
Taken together, these experiments have substantial reach for boosted DM. The prospects for Super-K to find single-ring electron events from the GC are particularly promising, given that the data (with angular information) is already available [91] and one simply needs to change from lab-coordinates to galactic coordinates (as in Refs. [88, 89] ).
Summary of Existing Constraints
Apart from the measured neutrino fluxes discussed in Sec. 5.3, we know of no model-independent constraints on the boosted DM phenomenon. There are, however, constraints on the particular model described here, and we summarize those constraints in this section. The most relevant bounds are due mainly to the relic ψ B population left over from thermal freeze-out, which leads to bounds from "Direct detection of non-relativistic ψ B " and "CMB constraints on ψ B annihilation" described below and seen in Figs. 9 and 10.
• Limits on the dark photon γ . As discussed earlier, dark photon searches have set limits of m γ O(10 MeV) and 10 −3 , assuming the dominant decay mode is γ → e + e − [65] . For m γ < O(100 MeV), beam dump experiments place a bound of roughly 10 −5 [92] . We have used m γ = 20 MeV and = 10 −3 as a benchmark in this paper, which yields a detectable boosted DM signal while satisfying the current dark photon bounds. Our benchmark is also within the region of interest for explaining the muon g − 2 anomaly [58, 59] .
• Direct detection of non-relativistic ψ A . Thermal relic ψ A particles are subject to constraints from conventional DM direct detection experiments (e.g. XENON, LUX, and CDMS) via their scattering off nuclei. As discussed in more detail in App. B, the constraints on ψ A are rather weak since ψ A has no tree-level interactions with the SM. That said, ψ A can scatter off nuclear targets via a ψ B -loop. Since we have approximated the ψ A ψ A ψ B ψ B interaction as a contact operator, this loop process is model-dependent. In Fig. 11a and Eq. (B.1), we give an example UV completion involving an extra scalar φ that allows us to estimate the ψ A -nucleon scattering cross section. Due to the loop factor and the mass suppression from m φ m A , the limits on ψ A are safe for most values of the parameter space, as shown in Fig. 11b . As already mentioned, one could introduce inelastic splitting within the ψ A multiplet to further soften direct detection constraints [52] [53] [54] .
• Direct detection of non-relativistic ψ B . Despite the small relic abundance of ψ B , it has a large ψ B -nucleon scattering cross section, as calculated in App. C.1. where the scaling assumes m B m p . Thus, direct detection experiments essentially rule out any elastic ψ B -nucleon scattering above the detector threshold. Of course, in the parameter space of our interest, the ψ B mass is ≤ O(1 GeV), which is close to or below the threshold of LUX [93] and the low CDMS threshold analysis [94] , and the most constraining limits come from CDMSLite [95] and DAMIC [96] . Because of this, light ψ B particles can evade existing direct detection bounds.
In Fig. 10 , we demonstrate the constraints on the (g , m B ) plane from the DAMIC experiment (which has a lower threshold than CDMSLite), using the effective nuclear cross section σ
Essentially, the allowed parameter space is independent of g and (m γ ) −4 , since the expected ψ B p → ψ B p cross section is so large that any events above the energy threshold of the experiment would be seen. There is also the fact that when g is O(10 −2 ) and higher, the abundance scales as g −2 (see Eq. (3.5)), which cancels with the g 2 scaling of σ Bp→Bp , yielding a g -independent bound. 13 Of course, as with ψ A , the direct detection bound on ψ B could be alleviated by introducing inelastic splittings.
It has been recently pointed out that sub-GeV DM might be better constrained by scattering off electrons rather than off nuclei [97] , as in recent XENON10 bounds [98] . In our case, these bounds are subsumed by CMB heating bounds discussed below. Note that for ψ B e − → ψ B e − , the conventional direct detection process and the boosted DM detection process have very different kinematics, so one should not be surprised that the XENON10 bounds do not influence the boosted DM signal regions.
• Indirect detection of non-relativistic ψ B . The annihilation process ψ B ψ B → γ γ and the subsequent γ decay to two e + /e − pairs gives rise to a potential indirect detection signal in the positron and diffuse γ-ray channels. The recent constraint on DM annihilation in positron channel from AMS-02 is demonstrated in Refs. [99, 100] , where the bound is strongest for 2-body final state and weaker when there are more particles in the final state like in our case. The suppressed relic abundance of Ω B relative to Ω DM helps relieve the constraints on our model. In addition, at the sub-GeV mass which we are interested in, the background uncertainty of the above indirect detection limit is large due to solar modulation. The CMB considerations below give stronger constraints for the parameter range of our interest. The diffuse γ-ray signal from e.g. inverse Compton scattering of e ± produced from ψ B annihilation has a smaller cross section and also faces large background uncertainty in the sub-GeV region. In fact, the γ-ray search for DM at Fermi, for instance, has a lower energy cutoff at ∼ 4 GeV [101] . Indirect detection signals from ψ A annihilation have to go through higher order or loop processes, and are much suppressed.
• CMB constraints on ψ B annihilation. With a light mass of m B O(1 GeV), thermal ψ B annihilation in the early universe may be subject to bounds from CMB heating [102] . The CMB constrains the total power injected by DM into ionization, heating, and excitations. For the dominant DM component with relic density Ω DM ≈ 0.2, the bound is directly imposed on the quantity:
where f eff is the fraction of the annihilation power that goes into ionization, which depends on the annihilation channel and its energy scale. Though ψ B is a small fraction of total DM, it does annihilate into γ which subsequently decays via γ → e + e − . Therefore, the CMB spectrum constrains 4) where the last relation is obtained using Eq. (3.5) for Ω B /Ω A , which is valid for large values of g (typically for g 0.1) as explained in the App. A. These limits are illustrated in Fig. 10 for f eff = 1, which is a conservative assumption. Due to the presence of a light γ , there can be an extra Sommerfeld enhancement factor to the σ BB→γ γ v in Eq. (6.4) . For the parameter space we consider, we expect that this enhancement saturates at CMB time, which leads to an extra factor of [103] 
This enhancement contributes at low velocities, so we do not expect it to change the picture at freeze out, but it would be relevant in the CMB era where v ≈ 10 −3 . For our current parameter space, S ≈ 1 until high values of g = 1 where it becomes O(10).
We incorporate the enhancement in the calculation of our CMB limits, as can be seen from the resonance peaks in Fig. 10 .
• BBN constraints on ψ B annihilation. The energy injection from ψ B annihilation in the early universe can also alter standard BBN predictions [104, 105] . The constraints from hadronic final states are the most stringent, comparable to or even somewhat stronger at O(1 GeV) than those from the CMB heating as discussed above [104] . However, as we focus on m γ of O(10 MeV), the production of hadronic final states (n, p, π) from the leading annihilation channel ψ BψB → γ γ followed by γ decay are not kinematically possible. The subleading channel ψ B ψ B →is 2 suppressed. Thus, the major energy injection to BBN is mostly electromagnetic from γ → e + e − , and the related constraint in this case are much weaker than the CMB bound we have considered above [104] .
• Dark matter searches at colliders. By crossing the Feynman diagrams in Fig. 3 , we see that ψ B can be produced at colliders such as LEP, Tevatron, and the LHC. If ψ B were to interact with SM electrons or quarks via a heavy mediator, then collider searches would provide a stronger bound than direct detection at these low DM masses. However, this complementarity is lost when the interaction is due to a light mediator [106] [107] [108] , which applies to our case where ψ B interacts with SM states via an O(10 MeV) dark photon. In addition, compared to the irreducible main background from electroweak processes, e.g. e + e − → Z ( * ) → νν, the production cross section of ψ B is suppressed by 2 10 −6 , so the collider constraints on our model are rather weak.
Conclusions and Other Possibilities
In this paper, we presented a novel DM scenario which incorporates the successful paradigm of WIMP thermal freeze-out, yet evades stringent constraints from direct and indirect detection experiments, and predicts a novel signal involving boosted DM. The example model features two DM components, ψ A and ψ B . The heavier particle ψ A (which is the dominant DM component) experiences assisted freeze-out [4] by annihilating into the lighter particle ψ B (which is the subdominant DM component). The whole dark sector is kept in thermal contact with the SM in the early universe via kinetic-mixing of a dark photon with the SM photon. Only ψ B couples directly to the dark photon (and hence to the SM), so the dominant DM component ψ A can largely evade current DM detection bounds. If such a scenario were realized in nature, then the leading non-gravitational signal of DM would come from annihilating ψ A particles in the galactic halo producing boosted ψ B particles that could be detected on earth via neutral-current-like scattering via the dark photon. In large volume neutrino or proton-decay detectors, the smoking gun for this scenario would be an electron signal pointing toward the GC, with no corresponding excess in the muon channel. Liquid argon detectors could potentially detect boosted DM through (quasi-)elastic proton scattering, as well as improve the rejection of the dominant neutrino CC backgrounds by vetoing on hadronic activity. Future experiments that use LArTPC technology for tracing the particle paths [109, 110] will provide both directionality and better background discrimination. This phenomenon of boosted DM is generic in scenarios with multiple DM components. In fact, models with a single component DM could also potentially give rise to the same signature. If the stabilization symmetry is Z 3 , then the semi-annihilation process ψψ → ψφ (where φ is a non-DM state) is allowed [111] [112] [113] . For m φ = 0, the outgoing ψ would have energy E ψ = (5/4)m ψ . In the limit m ψ m e , γ ψ = 1.25 implies a maximum γ max e = 2γ 2 ψ −1 = 2.125, which is above the Cherenkov threshold in water (and ice). Of course, the Z 3 symmetry is not consistent with ψ being charged under a U (1) , so additional model building would be necessary to get a sufficiently large scattering with the SM. But this example shows why non-minimal dark sectors tend to have some production cross section for boosted DM.
It is intriguing to consider other scenarios where DM mostly annihilates to other stable states in the dark sector. For example, if both ψ A and ψ B are charged under the U (1) and the mass hierarchy is m A > m γ > m B , (7.1) then the annihilation ψ A ψ A → γ γ would be followed by the decay γ → ψ B ψ B , and the boosted ψ B particles could again be detected via t-channel γ exchange with the SM. Of course, now ψ A itself has tree-level γ exchange diagrams with the SM, but if ψ A has a Majorana mass splitting (allowing it to evade direct detection bounds), boosted DM would again be the dominant mode for DM discovery. 14 The above scenario is particularly interesting in light of the gamma ray excess recently seen in the GC [115] . In the context of DM, this signal could be explained via cascade decays ψ A ψ A → γ γ followed by γ → SM SM [116] [117] [118] [119] . Boosted DM could be produced in the same cascade process, since the dark photon could easily have comparable branching ratios for γ → SM SM and γ → ψ B ψ B when m γ > m B . More generally, it is interesting to contemplate scenarios where ψ A partially annihilates to boosted ψ B and partially to SM states. For example, the bremsstrahlung process of ψ A ψ A → ψ B ψ B γ , where the γ decays to an electron-positron pair, can be a source of positrons that can be detected in experiments like AMS-02 [120] or indirectly in Gamma ray telescopes [121] . Of course, if the ψ B states are not too depleted, then they could give indirect detection signals of their own.
Finally, it is worth considering the broader experimental signatures possible in the paradigm of DM annihilating to stable dark sector states [32, 35, 43, 122, 123] , with simple 14 There would also be interesting signals for ψB in DM production/detection experiments [114] .
extensions/variations based on our current model. If m B m e , then ψ B acts effectively like dark radiation, which may leave signatures in CMB observables such as N eff [35] . If ψ A has a non-negligible solar capture cross section, then boosted DM could emerge from the sun. If ψ B takes up sizable fraction of the total DM abundance (perhaps via a leading asymmetric component), then the fact that ψ B has strong self-interactions may have implications for small scale structure of DM halos including the known anomalies such as cusp-core and toobig-to-fail problems [124, 125] . The potentially rich structure of the dark sector motivates a comprehensive approach to DM searches.
A Analytic Approximations to Relic Abundances
The coupled Boltzmann equations for the evolution of the ψ A /ψ B abundances are
where the factor of 1 2 arises because ψ A and ψ B are Dirac fermions, and n A refers to the sum of the abundances for ψ A and ψ A (and similarly for n B ). In terms of the comoving abundance Y i = n i /s, where s is the entropy of the universe, and x ≡ m B /T , we can rewrite the Boltzmann equations as
where we have introduced the shorthand notations: 4) and used the fact the total DM number is not changed by the ψ A ψ A → ψ B ψ B reaction, i.e.
(A.5)
Obtaining accurate solutions requires solving the above coupled equations numerically. In much of the parameter space of interest, however, it is possible to obtain good analytic approximations based on two effectively decoupled equations. When m B < m A and λ B λ A , ψ B typically freezes out of equilibrium well after ψ A does. Therefore, the evolution of Y A in Eq. (A.2) becomes the conventional Boltzmann equation for one species of DM by taking Y B ≈ Y eq B at least up until the ψ A freeze-out time. 15 In the case of s-wave annihilation of our interest, the relic abundance of ψ A can be well approximated by the familiar result [126] (with an extra factor of 2 to account for both ψ A and ψ A )
where T f,A = m B /x f,A is the freeze-out temperature for ψ A , and in the last step we used 
Focussing on the epoch when ψ B starts to deviate from equilibrium, we can apply the ansatz ∆ = c Y 
whose real positive solution is
We can then equate this equation with Y eq B (x) x 3/2 e −x to solve numerically for x f,B . We can see that by removing the contribution from ψ A (i.e. the term ∝ λ A Y 2 A (∞)) in Eq. (A.11), ψ B freezes out in the standard way. In particular, we have the approximate relation x f,B log λ B − 1 2 log x f,B which yields 
This behavior is very strange from the point of view of standard freeze-out, since the abundance of ψ B scales like 1/ √ σ B (instead of like the expected 1/σ B ). A naive quick way of understanding this behavior is by setting dY B /dx ≈ 0 in Eq. (A.3) and dropping all Y eq i terms at late times, which immediately leads to Eq. (A.14). We call this "balanced freezeout", since the abundance of ψ B is set by the balance between a depleting term (∝ λ B Y 2 B ) and a replenishing term (∝ λ A Y 2 A ). Unlike in ordinary freeze-out where the expansion of the universe plays a key role in setting the abundance, in balanced freeze-out the main effect of the Hubble expansion is simply to drive Y eq i to zero at late times.
B Direct Detection of Non-Boosted DM
In this paper, we have largely assumed that ψ A has no couplings to the SM. Given the contact interaction in Eq. (2.1), though, ψ A can interact with the dark photon via ψ B loops. In this appendix, we consider the direct detection bounds on ψ A from these loop processes. Of course, as with ψ B , one can relax direct detection limits by giving ψ A an inelastic mass splitting.
The loop-induced couplings of ψ A to the dark photon depend on the UV completion of Eq. (2.1), and we consider exchange of a complex scalar φ with U (1) charge as a concrete example. The Lagrangian for this system is
where D µ = ∂ µ − ig A µ . Integrating out φ yields the contact interaction in Eq. (2.1) with
Through ψ B -φ loops, ψ A acquires a coupling to the dark photon. In the limit m φ m A m B , the ψ B -φ loop generates the effective dimension six operator which can lead to ψ A -nucleon scattering as in Fig. 11a . As discussed in the appendix of Ref. [127] , the standard dimension five dipole operator ψ A Σ µν ψ A F µν does not appear after integrating out ψ B and φ, because the interactions in Eq. (B.1) respect a chiral symmetry acting on ψ A .
Similar to Ref. [127] (but replacing the photon with a dark photon), the dominant effect of Eq. (B.3) is to give rise to a charge-charge interaction between DM and a nucleus N . The spin-independent ψ A N → ψ A N cross section is
where m N is the nucleus mass, E R is the nucleus recoil energy, t = −2m N E R is the momentum-transfer-squared, v is the DM velocity, Z is the nucleus charge number, and F 2 (E R ) is the nucleus charge form factor. The numerator in the expression above corresponds just to the lowest term in an expansion in t (i.e. small momentum transfer). Spinindependent bounds on DM typically assume equal couplings to neutrons and protons, and can be expressed in terms of an effective nucleon cross section σ n , with
where µ is the DM-nucleon reduced mass, and A is the nucleus mass number. Thus, we have
(B.6) Note that this cross section is momentum dependent, but for simplicity, we will take E R 10 keV to determine the typical value of t. In Fig. 11b , we show the limits of the LUX experiment [93] on the direct detection of ψ A for different values of (m A , m B , m γ ), and see that these constraints are easily satisfied, though future direct detection experiments would have sensitivity.
C Boosted DM Scattering Off Hadrons
In Sec. 4.2, we focused on the ψ B e − → ψ B e − mode for boosted DM detection. Here, we summarize the signal event rate for boosted DM scattering off protons or nuclei. Since the number of signal events is rather small, we have not pursued a background study, though we remark that the angular pointing for hadronic scattering is rather poor at the low energies we are considering. As discussed in the main text, both event rate and angular resolution for scattering off proton can be improved at liquid Argon detectors.
C.1 Elastic Scattering Off Hadrons
The elastic scattering ψ B N → ψ B N has similar kinematics to electron scattering (with the obvious replacement m e → m N ), except we have to include the electromagnetic form factor. We will express the cross section as a function of the electric and magnetic Sachs form factors G E and G M . For protons, we can use the dipole approximation (C.
2)
The energies and momenta are defined the same way as Eq. (4.10), M is the mass of the proton, and θ is the scattering angle of ψ B .
The lowest momentum for a proton to Cherenkov radiate is 1.2 GeV, and for our benchmark in Eq. (3.6), the proton cross section above this threshold is Due to the presence of the Cherenkov cutoff and the proton form factor, the elastic scattering rate in Eq. (C.3) varies little within the mass range of interest, as given in Eq. (2.5). When the transferred energy is above 2.5 GeV, the elastic scattering cross section is rather small, and protons instead typically produce secondary hadronic showers [67] . In that case, one should transition to the DIS calculation below.
As mentioned in footnote 9, large volume liquid Argon detectors are able to detect scattered protons with energies much below the Cherenkov threshold using ionization signals, where the total elastic scattering cross section off protons would be relevant. We find the total elastic ψ B p → ψ B p scattering cross section for boosted ψ B with m A 1 GeV to be which is insensitive to m A , m B in the boosted ψ B regime due to the proton form factor. We see that the total elastic scattering rate off proton is much larger than the one with a Cherenkov cutoff, so ψ B p → ψ B p could potentially be the leading signal detectable at a liquid Argon detector. Generalizing the previous calculation to a coherent nucleus of charge number Z: where µ p = m p m B /(m p + m B ) is the reduced mass of the dark matter and the proton. This is the basis for Eq. (6.1) shown earlier.
C.2 Deep Inelastic Scattering Off Hadrons
At sufficiently high energies, ψ B scattering off hadrons will behave more like deep inelastic scattering (DIS), where the final state is a hadronic shower. The DIS cross section is a convolution of the parton-level cross section with parton distribution functions (PDFs). The parton-level cross sectionσ is given by dσ dt = 1 8π
For the ψ B -parton system:ŝ +û +t = 2m 2 B ,t = −Q 2 , andŝ = (1 − x)m 2 B + xs. We define x by p ≡ xP where P is the 4-momentum of the initial proton at rest. We define y ≡ Since the PDFs are only reliable for transferred energies over ∼ 1 GeV, we impose Q 2 ≥ (1 GeV) 2 as a default cut for numerical integration. Analogous to the discussion for elastic scattering signals, for a particular experiment, there may be harder cut on phase space due to detector threshold energy. For our benchmark in Eq. (3.6), the DIS cross section above the 1 GeV threshold is for the all-sky event rate at Super-K.
